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SUMARY

Thepresenceofradomesandinstrumentsthataresensitivetowater
fil.msor iceformationsinthenosesectionofall-weatheraircraftand
missilesnecessitatesa knowledgeofthe&ropletimpingementcharacter-
isticsofbodiesofrevolution.Becauseit ispossibleto approximate
_ ofthesebodieswithan ellipsoidofrevolution,droplettrajecto-
riesaboutan ellipsoidofrevolutionwitha finenessratioof10were
computedforincompressiblesxisymnetricairflow. Fromthecomputed
droplettrajectories,thefollowingimpingementcharacteristicsofthe
ellipsoidsurfacewereobtainedandarepresentedintermsofdimension-
lessparameters:(1]totalrateofwaterimpingement,{2)extentof
dropletimpingementzone,and(3)localrateofwaterimpingement.These
impingementcharacteristicsarecompsredbrieflywiththosepreviously
reportedforan ellipsoidofrevolutionwitha finenessratioof 5.

INTRODUCTION

Thedatapresentedhereinarea continuationofthestudyreported
inreference1 onthe@ing&mentof clouddropletsona prolateellips-
oidofrevolution.Thecalculationsdiscussedinreference1 foram
ellipsoidwitha finenessratioof 5 (20percentthick)wereextended
forthisreportto an ellipsoidoffinenessratioof10 (10percent
thick).As mentionedinthereferencecited,a prolateelJ.ipsoidof
revolutionisa goodapproximationinthedeterminationof cloud-droplet
impingementformanybaiyshapesusedforradcmes,rocketpods,and
bombs. Thedatapresentedherein,alongwiththeresultspqesentedin
reference1,permittheestimationof impingementcharacteristicson
manyofthesebcdies.

Thetrajectoriesofatmosphericwaterdropletsabouta prolate
ellipsoidofrevolutionwitha finenessratioof10movingat subsonic

● velocitiesat zeroangleofattackwerecalculatedwiththeaidofa
differentialanalyzerattheNACJ4Lewislaboratory.l?rornthecomputed

.
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trajectories,therate,thedistribution,andsurfaceextentof impinging -
waterwereobtainedandaresunzmrizedinthisreportintermsofdimen-
sionlessparameters.

SYMBOIS

me followingsymbolsareusedinthisreport:

d

%

f

K

L

Reo

r,z

r.

ro>tan

s

%
u

u

Wm

up

w

dropletdiameter,microns

collectionefficiency,dimensionless

finenessratio,dimensionless

inertiaparameter,1.704X10-Ud2U/pL,dimensionless(eq.1)

majoraxisofellipse,ft

free-stresmReynoldsnumberwithrespecttodroplet,
4.813X10-6dpaU/V,dimensionless

cylintiicalcoordinates,ratiotomajoraxis,dimensionless

startingordinateat z = -@ ofdroplettrajectory,ratio
tomajoraxis,dhensionless

startingordinateat z = -- ofdroplettrajectorytangent
toellipsoidsurface,ratiotomajorexis,dimensionless

distancealongsurfaceofellipsoidfromforwardstagnation
pointtopointofdropletimpingement,ratiotomajorsxis,
dimensionless

limitof impingementzone,ratiotomajoraisj dimensiodess

free-streamvelocity,orflight-speed,mph

localairI’elocity,ratiotofree-streamvelocity

totalrateof impingementofwateron surfaceof ellipsoid,
lb/hr

localrateof impingementofwater,lb/(hr)(sqft]

liquid-watercontentincloud,g/cum

z
Cu
to

*
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r. dro
P localimpingementefficiency,~ ~, dimensionless

.

IJ viscosityofair,slugs/(ft)(sec)I.

Pa densityofair,slugs/cuft

Subscripts:

r radialccmponent

z axialcomponent

CAJA!ULATIONOFIROPLETTRAJ’ECTCRIES

Theequationsthatdescribethemotionof clouddropletsaboutan
ellipsoidaregiveninreference1. A solutionofthedflferential
equationsofmotionwasobtainedtiththeuseofthemechanicalanslog
(describedinref.2)basedontheprincipleofa differentialanalyzer.
Theprocedureforcalculatingthetrajectoriesof clouddropletswith
respectto theellipsoidofrevolutionwitha finenessratioof10 (10
percentthick)isthesameasthatdescribedinreference1. As shown
infigure1, thee~ipsoldorientationinthecoordinatesystemusedin
reference1 isretainedherein.Sincea flowfieldisaxisymmetric
aroundan ellipsoidofrevolutionorientedat 0°betweenitsmajoraxis
andthedirectionofthefreestream,thedropletimpingementonthe
ellipticalsectionofallmeridianplanesisthesame,andtheimpinge-
mentcharacteristicsoftheellip~oidofrevolutioncanbe obtainedfrom
trajectorycalculationsinthez,rplaneoffigure1.

Theah-flowfieldaroundthebody,requiredforthesolutionof
theequations,wasobtainedwiththeuseofdigitslcmputersfromthe
mathematicalexpressionspresentedinreference1. Thevalues ofthe
air-velocitycomponentsUz and + asfunctionsof r and z sre
giveninfigure2 forcomparisonwiththeflow-fieldvelocitiesgiven
inreference1 forthe20-percent-thickellipsoid.InfigureZ(a),
uz isgivenasa functionof z forconstantvaluesof r,while ~
as a functionof r forconstautz isgiveninfigure2(b). Theve-
locitycomponentsinfigure2 aredimensionless,becausetheyareratios
oftherespectivelocalvelocitiestothefree-stresmvelocity;the
distancesr and z arealsoexpressedasratiosofactualdistance
to themajoraxislengthL.

Thepositionof impingementof clouddmrpletsonthesurfaceof
theellipsoidisgiveninsubsequentsectionsintermsofthesurface
distanceS,whichismeasuredalongthesurfacefromtheforwsrd
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stagnationpoint.Thevaluesof S aretheratiosoftheactualsur-
facedistancestothemajorsxislength~..me relationbetweenS
and z isshowninfigure3. TherelationbetweenS and r canbe
obtainedfromfigure4 fromthecurvefor l/K= O.

.

“

—

Theequationsofmotionweresolvedforvariousvaluesofthepa-
rsmeterl/K between0.1and90. TheinertiaparameterK is a measme
ofthedropletsize,theflightspeedandsizeofthe
andtheviscosityoftheair,throughtherelation

K = 1.704x1O’12d2U/pL

Thedensityofwaterandtheaccelerationofgravity,
asmsrtoftheconversionfactor,are62.4poundsper

bodyofrevolution,

whichareexpressed.
cubicfootand

32.~7feetpersecondpersecondirespecti~~ly.Foreachv~ue ofthe
psrameterl/K,a seriesoftrajectorieswascomputedforeachofseveral
valuesoffree-streamReynoldsnumber O,128,512,1024,4096,

—
Reo:

and8192. Thefree-streamReynoldsnumberisdefinedwithrespectto
thedropletsizeas

ReO= 4.813X10-6dpaU/w

Inorderthatthesedimensionlessparametershavemorephysicslsignifi-
canceinthefollowingdiscussion}sometmic~ comb~tionsof K and
ReO arepresentedintableI intermsofthelengthandvelocityofthe
ellipsoid,thedropletsize,andtheflightpressurealtitudeandtem-
perature.Equationsandgraphicalprocedurefortranslatingthedimen-
sionlessparametersusedinthisreportintotermsofflightspeed,major
axh length,altitude,anddropletsizearepresentedinappend~B of
reference3.

Theresults

RESULTSANDDISCUSSION

ofthecalculationofdroplettrajectoriesaboutthe
ellipsoidofrevolutionoffinenessratio10 (10percentthick)at zero
angleofattacksresummszizedinfigure4, wherethestartingordinate
at infinityro ofeachtrajectoryisgivenasa functionofthepoint
of impingementonthesurfaceintermsof S. EachofthesolidMnes,
exceptfor l/K= O, isobtainedfroma seriesof calculatedtrajecto-
ries. Thecurvefor l/K= O isobtainedfromthemathematicalrelation
betweenS and r foran ellipse.Thedashedlinesinfigure4 are
thelocioftheterminioftheconstantl/K curves.Aswasthecase
fortheell.ipsoidwitha finenessratioof 5 (ref.1),theselociwere
foundtobe thesamewithintheorderofaccuracyofthecomputations
forallvaluesof Reo (figs.4(a)to (f)).l%omthedatapresented

.—

.



NACATN3147 5
8

inthisfigure,therate,thearea,andthedistributionofwater-droplet
. impingementonthesurfaceoftheellipsoidcanbedeterminedforgiven

valuesof Reo and K.

TotalRateof ImpingementofWater

Inflightthroughcloudscomposedofdropletsofuniformsize,the
totalamountofwaterindropletformimpingingonthee~ipsoidisde-
terminedby theamountofwatercontainedinthevolumewithinthe
envelopeoftangenttrajectories(fig.1). me total.rateof impinge-

mentofwater(lb/hr]canbe determinedfromthefollowingrelation
derivedinreference1;

Wm=1.04 rz WL2U0,tan (3}

wheretheflightspeedU is inmilesperhour,theliquid-watercontent
w isingrsmspercubicmeter,and ii isinfeet.

‘= ‘due ‘f ‘O,tanfora givencombination
be obtainedfromfigure4 by determiningthevalue
spendsto themaximumS (~) fortheconstantK
Thevaluesof ro.tanfallonthedashedtermini

of Reo and K can
of rO thatcorre-
curveof interest.
curvesoffigure4.

In orderto facilitateinterpolationandextrapolation,thedataare
replottedintheformof r~ t= asa functionof K forconstant
Reo

3
infigure5.

Theaccuracyinthedeterminationof ro,ta fkomthecalculated
trajectoriesisaboutthesameforthe10-percent-thickellipsoidasfor
the20-percent-thickellipsoiddiscussedinreference1. Forvaluesof
‘O,tangreaterthan0.015,r. ta wasdeterminedwitha accuracyof
theorderof+O.0003.Forckinationsof l/K and Reo thatresult
invsluesof ro,tanbetween0.015and0.01,theaccuracyof r. tan
iswithin+O.0007.Forreportedvaluesof r. tan<O.O1,theacc~acy
indeterminingthetangenttrajectoryis somew~atindefinite,butappears
tobewithinA.001.

Theeffectofbodysizeonthevalueof r~ t= forselectedcloud-

dropletsizesandflightconditionsis illustrat~dinfigure6. The
calculatedvaluesgiveninfigure6 areforellipsoidswitha fineness
ratioof10 andmajoraxislengthsbetween3 and300feet,forflightat
50,100,300,or 500milesperhourthroughuniformcloudscomposedof
dropletsof10,20,or50micronsindiameter.Fressurealtitudesof
5,000,15,0@3,and25,000feet,andtemperatures(mostprobableicing
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temperaturegiveninref.3) of20°,1°,and-25°F,respectively,were
usedforthecalculations.Forexsmple,considera 40-foot-longellips-
oidwitha finenessratioof10movingat500milesperhourat zero

.

amgleofattackata pressurealtitudeof15,000feetthrougha uniform
cloudcomposedofdroplets20micronsindiameter.I?romfigure6(b), E
%)tan iS 0.000056.Iftheliquid-watercontentofthecloudisassumed F4
tobe 0.1grampercubicmeter,then(fromeq.(3)]thetotalrateof
impingementofwater ~ is4.7poundsperhour.

ExtentofDropletIiupingementtine

Theextentofthedroplethnphgementzoneonthesurfaceofthe
ellipsoidisobtainedfromthetangenttrajectories(fig.1). Thepoint
oftangencydeterminestheresrwsrdlimitoftheimpingementzone.The
limitof impingement~ fora particularReO and K conditioncan
be determinedfromthemaximumS vslueoftheconstantK curvesof
interestinfigure4. Again,tofacilitateinterpolation,thedataare
replottedintheformof ~ asa functionof K forconstantReO
valuesinfigure7. Thedataofthisfigureindicatethatthemaximum
extentofimpingementincreaseswithincreasingK butdecreaseswith
increasingReo.

Becauseofthedifficultyindetermhingtheexactpointoftan-
gencyonthesurfaceoftheellipsoidofeachtangenttrajectory,the
accuracyindetermining~ isoftheorderof40.005.Theaccuracy
indeternd.ningthevalueof S fortheintermediatepointsof impinge-
ment(between~ andforwardstagnationpoint)giveninfigure4 was
muchhigher,becausethepointsatwhichtheintermediatetrajectories
terminatedontheellipsoidsurfaceweremuchbetterdefined.

Theeffectofbodysizeonthevalueof ~ forselectedcloud-
dropletandflightconditionsisillustratedinfigure8. Forexample,
considera 20-foot-longellipsoidwitha finenessratioof10moving300
ties perhourat zeroangleofattackata 50W-footpressureeltitude
througha uniformcloudccmposedof50-microndroplets.Frcmfigure8(a),
~ isO.102;thatis,thehpingementzoneextends2.04feetrearward
(measmedalongthesurface)fromtheforwa.rdstagnationpoint.

LocslRateof ImpingementofWater

.

.

Thelocalrateofimpingementofwaterindropletform
(lb/(hr)(sqft)) onthesurfaceoftheellipsoidcanbe determinedfrom
theexpression
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Wp ‘o‘iO= 0.33uw— — = 0.33Uwp
rds

7

(4)

where j3 isthelocalimpingementefficiency.Thevaluesof 13 as a
functionof S forcombinationsof Reo and K me presentedin
figure9. Thesecurveswereobtainedby multiplyingtheslopeofthe
curvesinfigure4 by thecorrespondingratio ro/r at eachpoint.
Becausetheslopesofthecurvesof r. as a functionof S (fig.4)
intheregionbetweenS = O and S = 0.01 aredifficulttodetermine,
theexactvsluesof 9 betweenS = O andS = 0.01 arenotkmwn. c
Thedashedportionsofthe P curvesme extrapolationsthatweremain-
tainedconsistentwitha seeminglyreasonablepattern.

Comp=isonof10-and20-Percent-ThickEllipsoids

Collectionefficiency.- Thecollectionefficiencyofam ellipsoid
isdefinedas theratiooftheactualamountofwaterinterceptedby the
ellipsoidtothetotalamountofwaterindropletformcontainedinthe
volumesweptoutby theellipsoid.Intermsoftheellipsoidfineness

o tmj thecollectionefficiencymaybe definedasratio f and r2
>

Forthe10-percent-thickellipsoid(f= 10),thecollectionefficiency
maybe obtainedfromthecurvesoffigure5 throughtheexpression
~ .400 r~.tu. Theresultsoftheapplicationofthisequationto the

dataoffig&re5 areshowninfigure10(a).Some-curvesforthecollec-
tionefficiencyofa 20-percent-thickellipsoid(f= 5) srealsoshown
infigure10(a)forcomparisonwiththoseforthethinnerbody. me
valuesof collectionefficiencyforthe20-percent-thickeldipsoidwere
obtainedfromfigure6 ofreference1 throughtherelation

A comparisonofthecollectionefficiencyforthetwofineness
ratiosindicatesthatthecollectionefficiencyforthetwoellipsoids
isnearlythesamefor Reo= O, exceptforsmalLandlargevaluesof K.
Forlargevaluesof Reo,thecollectionefficiencyofthe10-percent-
thickellipsoidisgreaterthanthatofthe20-percent-thickellipsoid.
Theeffectofdifferencesincollectionefficiencyontherateof im-
pingementisbestdiscussedafterthetotalratesof impingementof
waterhavebeenexamined.
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Total.rate of impingementofwater.- Fora givensetofatmospheric
andflightconditionsanda majoraxislengthL,therateofwaterim- W=—

pingementisproportionalto r~ tm (eq.(3)].A comparisonofthe
> .—

~ ~m) ismadeintableI betweenrateofwaterimpingement(givenas r2
9

thetwoellipsoidsofdifferentfinenessratio.Thedatafortheellips-
oidwitha finenessratioof5 areobtainedfromtableI ofreference1;
whereas,theresultsfortheellipsoidwitha finenessratioof10are
obtainedfromfigure5 ofthisreport. 2

%
TheresultspresentedintableI showthat,underallcomparable

flightandatmosphericconditions,therateofwaterimpingementisless
onthethlunerellipsoid(majoraxesoftwodlipsoidsaretheseine).
Thedifferenceinrateof impingementbetweenthetwoellipsoidsismuch
largerundercombinationsofflightandatmosphericconditionsreSUlt@4h

—

highratesof impingementthanunderconditionsinwhichtheimpingement
islimitedtoa regionaroundthestagnationpoint.Forexample:atan
qltitudeof5000feet,a speedof500milesper hour,andina cloud
composedofdroplets50micronsindiameter,a 20-percent-thickelM.ps-

—

oidwitha majoraxisof3 feetwouldbe subjectedtoa rateofwater
.

impingementofover3.7timestherateof impingementona 10-percent-
thickellipsoidunderthesameconditions;whereas,iftheflightspeed

.

isreducedto 50milesperhourandthedropletdiameterto10microns,
thessme20-percent-thickellipsoidwouldbesubjectedto only1.2times .
therateof impingementinterceptedby a 10-percent-thickellipsoidof
thesamelength.

Theuseof collectionefficiencyincomperingimpingementcharacter-
isticsofaerodynamicbodiesisveryoftenmisleading,as shownby an
exsmple.Theco~ectionefficiencyofa 3-footellipsoidmoving500
mflesperhourata 5000-footaltitudethrougha cloudcomposedof50-
microntiopletsis0.636(fig.6(a)andeq.(5))forthe10-percent-
thickellipsoidas comparedwith0.590forthe20-percent-thickelJ.ips-
oid(ref.1). Althoughthecollectionefficiencyforthethinner
ellipsoidis1.08timesthatfortheellipsoidwithtwicethediameter
(majoraxessame),thethickerbodywasshbwnintheprecedingparagraph
to interceptover3.7ttiesasmuchwaterunderthesesameatmospheric
andflightconditions.Thisexampleillustratestheneedto accountfor
thedifferencesintheprojectedfrontalareaofthebodieswhenthe
conceptof collectionefficiencyisusedincomparingtheimpingement
characteristicsoftwoellipsoids.

Surfaceextent.- Thesurfaceextentofimpingementiscomperedin
figure10(b)forthetwoellipsoidsby comparingsomecurvesof ~
giveninfigure7 withcurvesforequivalentconditionsforthe20-
percent-thickellipsoidpresentedinfigure8 ofreference1. Thecurves
forlowvaluesof Reo areverynearlycoincident.Forlargevaluesof
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.
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Reo,therearwsrdlimitof impingementisslightlygreateronthe10-
percent-thickellipsoid.Intermsofususlflightandatmospheric
conditions,thismesmsthattheresxw=dextentof impingementis some-
whatgreaterforthethinnerelJ_ipsoidwhenflyingthroughrainor&iz-
zle(table1),butisverynearlythesamewhenclouddropletsare
encountered.

Nonuniformdropletsize.- Thedatapresentedinallthefigures
anddiscussionsrebasedonflightsincloudscomposedofdropletsthat
srealluniforminsize.As wasshowninreference1, thetotalrate
ofwaterimpingementwhena distributionofdropletsizesisassumed
maybe differentfromthatobtainedonthebasisofthevolume-medi=
sizeonly. A canparisonofthetotalrateof tipingementismadehere
betweenthe10-percent-thickellipsoidandthe20-percent-thickellips-
oid,usingtheikmplet-sizedistributiongiveninfigure11 ofreference
1 andthecomputationalproceduredescribedinthatreference.The
volume-mediandropletsizeisagainassumedtobe 20microns,theve-
locity200milesperhour,theellipsoidlength10feet,thepressure ‘
sltitude5000feet,andthetemperatm”e20°F. On a weightedbasisand
fortheparticulsxdroplet-sizedistributionassumed(fig.11,ref.1],
thethickerellipsoidinterceptsabout3.1timesasmuchwater.Ona
volume-medianbasis(whereina uniformdropletsizeequalto thevolume-
mediandropletsizeofthedistributionisassumed),thethickerellips-
oidintercepts2.8timesasmuchwater.

CONCLUDINGFUMARKS

Becausethedroplettrajectoriesabouttheellipsoidwerecalculated
forincompressiblefluidflow,a questionmayariseastotheirappli-
cabilityat thehighersubsonicflightspeeds.Aswasdiscussedin
reference1, theellipsoidimpingementresultsshouldbe applicablefor
mostengineeringusesthroughoutthesubsonicregion(alsoseeref.4).

Thedataofthisreportapplydirectlyonlyto ellipsoidsofrevolu-
tionwitha finenessratioof10. Thecautionspresentedinreference1
regardingtheextensionofthedatapresentedinthatreportforthe20-
percent-thickdlipsoidtobodiesofothershapesarereemphasizedhere.
h somecases,wherethebodyisofdifferentshape,itmay be possible
tomatchitsnosesectionphysicallywiththesectionofan ellipsoidof
selectedlengthandfinenessratioforwhichdatasreavailableherein
or inreference1. W, insucha case,thecontributionofthesfter-
bcdyto theair-flowfieldinthevicinityofthenoseofthebodyis
small(asitoftenis),thentheimpingementdataforthematchingpor-
tionofthesurfaceoftheellipsoidcanbe usedfordeterminingthe
impingementcharacteristicsofthenoseregionofthebdy. In other
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cases,wherethebodyshapediffersfromthatofan ellipsoidbutthe
finenessratioisthesame,theair-flowfieldmaybe similarenough
thatan estimateofthetotalcatchcanbe obtainedfromtheellipsoid
data. Inthiscase,no detailsofthesurfacedistributionof impinging
watercouldbe obtained.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,February25,1954
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